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28Remodeling of aortic aneurysm and aortic neck
on follow-up after endovascular repair with
suprarenal ﬁxation
Nikolaos Tsilimparis, MD,a,b Anand Dayama, MD,b and Joseph J. Ricotta II, MD, MS,c Hamburg, Germany;
and Atlanta, Ga
Objective: The objective of this study was to evaluate the remodeling of abdominal aortic aneurysms after endovascular
aortic aneurysm repair (EVAR) with the Zenith (Cook Medical, Bloomington, Ind) device.
Methods: This was a retrospective study of anatomic data related to characteristics of the aortic neck diameter, iliac artery
diameter, and aneurysm sac diameter collected during a clinical study of the Zenith device.
Results: In this study, 739 patients were observed for 2 years and 158 of them were observed for 5 years. The monthly rate
of change for the neck diameter was more rapid in the early postoperative period (postoperativee30 days), with an
expansion of 0.7 6 0.09 mm/month, and during the third year of follow-up (24-36 months), with a monthly expansion
rate of 0.10 6 0.24 mm. The iliac arteries were also more prone to expansion during the ﬁrst postoperative month (right
iliac, 0.95 6 0.08 mm/month; left iliac, 0.91 6 0.08 mm/month) and in the next 6 months with a monthly expansion
rate of 0.186 0.02 mm and 0.216 0.02 mm for the right and left iliac arteries, respectively. Remodeling of the aneurysm
sac occurred mainly in the ﬁrst postoperative year with a regression rate of 0.89 6 0.05 mm/month between 1 and
6 months and 0.44 6 0.04 mm/month for the second half of the year. The aneurysm sac regression rate dropped to
0.2 mm/month in the second postoperative year. Changes in the aortic neck diameter were statistically signiﬁcant (P <
.001) only at the 24- to 36-month postoperative interval. Changes in the aortic sac diameter were statistically signiﬁcant
(P < .001) at the 30-day to 6-month, 6- to 12-month, and 12- to 24-month intervals. Among patients who underwent
reintervention, aortic sac expansion occurred primarily in the 24- to 36-month interval.
Conclusions: Expansion of the aortic neck after EVAR for the Zenith endograft occurs mainly between 24 and 36 months;
aortic aneurysm sac regression occurs more obviously at 1 to 12 months. Iliac arteries at the landing zone expand more
rapidly in the ﬁrst postoperative year. Late surveillance of EVAR patients is essential to avoid late complications after
aortic remodeling. (J Vasc Surg 2015;61:28-34.)Theoutcomeof endovascular repair (EVAR)of abdominal
aortic aneurysms (AAAs) is improved by accurate preoperative
planning and proper choice of stent graft.1,2 With EVAR
achieving better 30-day mortality and morbidity than open
repair, attention has largely shifted to durability of outcome
and prevention of adverse events related to stent graft charac-
teristics or aneurysm morphology. The remodeling of AAAs
has been increasingly addressed in the recent literature, espe-
cially with respect to the aortic neck, because it is presumedthe Department of Vascular Medicine/Vascular and Endovascular
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and sac expansion might be related to this remodeling.3-7
Studies investigating the aortic neck and iliac diameters have
demonstrated an increase over time, but most of them were
lacking adequate sample size or adequate follow-up. Further-
more, the time when dilation of the aortic neck or shrinkage
of the aortic sac occurs has not been clearly described.
We report the course of aortic remodeling during long-
term follow-up after EVAR with a focus on the aortic neck,
iliac arteries, and aneurysmal sac.
METHODS
Imaging data for all patients enrolled in the U.S.
Zenith AAA endovascular graft pivotal trial were collected
and studied retrospectively. The details of the study design,
high-risk criteria, and inclusion and exclusion criteria were
previously published.8 After device approval, pivotal pa-
tients were given the option of extending the study
follow-up through 5 years.9
Brieﬂy, anatomic inclusion in the trial required an
aortic neck of 15 mm in length and <28 mm in diameter,
with <10% change in diameter in the ﬁrst 15 mm of the
neck. Angulation of the aortic neck to the aneurysm sac
or the suprarenal aorta was limited to 60 degrees and 45
degrees, respectively.
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throughout the United States. A core laboratory was
responsible for the independent assessment of all imag-
ing studies, which were submitted by the local investi-
gators and monitored by the steering committee to
prevent inaccurate measurements. Interobserver vari-
ability was not documented as the steering committee
resolved discrepancies between investigators and the
core laboratory. For the purpose of our study, anatomic
characteristics including maximal outer aortic neck
diameter at the level of the lowest renal artery, maximal
outer aortic sac diameter, and maximal diameter of the
iliac arteries at the landing zone (right and left) were
reviewed. Data were available from the preoperative,
postoperative, 1-month, 6-month, 12-month, and 24-
month computed tomography scans for all patients
who consented to participate in the study and also
for the third, fourth, and ﬁfth postoperative years as
well for patients participating in the pivotal study who
consented for a 5-year follow-up. The results of pa-
tients followed up for to 2 and 5 years were reported.
Data were managed by MED Institute, a Cook Group
company. All statistical analyses were performed with SAS
Enterprise 4.3 software (SAS Institute, Cary, NC).
The repeated measures method with a mixed model
was used to assess the changes of anatomic parameters
over time (30 days, 6 months, 12 months, 24 months,
3 years, 4 years, and 5 years after surgery). The compound
symmetry covariance matrix was used to model the corre-
lation between the time points. The changes in the
anatomic parameters from time point to time point were
tested for signiﬁcance. All tests were performed at the
.001 level of signiﬁcance to adjust for multiple compari-
sons. The oversizing of the stent graft was correlated
with the change in anatomic parameters between times of
follow-up by the Pearson correlation and tested at the
.05 level of signiﬁcance.
RESULTS
Within a 2-year period, 736 patients underwent suc-
cessful endovascular implantation of a Zenith (Cook Med-
ical, Bloomington, Ind) bifurcated AAA device. The
clinical results of the study have been previously
published.8
The mean maximal diameters (6standard deviation) of
the aortic neck, aortic sac, and iliac arteries at the landing
zone are shown in Tables I and II and graphically depicted
in Figs 1 to 4.
Maximal neck diameter continuously expanded over
time in both groups of patients with 2 and 5 years of
follow-up (Tables III and IV).
Patients with 5-year follow-up. For patients who
consented to 5-year follow-up, (Tables I and IV) the
monthly expansion rate of the aortic neck is shown in
Table IV. The monthly rate of change for the neck diam-
eter was more rapid in the early postoperative period
(postoperativee30 days), with an expansion of 0.47 6
0.21 mm/month, and during the third year of follow-up,with a monthly expansion rate of 0.10 6 0.24 mm
(1.1 mm between 24 and 36 months). The iliac arteries
were also more prone to expansion during the ﬁrst post-
operative month (right iliac, 0.67 6 0.21 mm/month; left
iliac, 0.83 6 0.18 mm/month) and in the next 6 months
with a monthly expansion rate of 0.006 6 0.21 mm and
0.023 6 0.18 mm for the right and left iliac arteries,
respectively. After that, the expansion rate of the iliac ar-
teries regressed and became relevant again at the third
postoperative year (24-36 months), with a monthly
expansion rate of 0.025 6 0.24 mm (right iliac) and
0.0456 0.21 mm (left iliac). At the ﬁfth postoperative year
(48-60 months), the right and left iliac arteries expanded
0.02 6 0.25 and 0.03 6 0.21 mm/month, respectively.
Remodeling of the aneurysm sac occurred mostly in
the ﬁrst postoperative year, with a regression rate of
0.98 6 0.59 mm/month between 1 and 6 months and
0.47 6 0.60 mm/month for the second half of the year.
The aneurysm sac regression rate dropped to 0.216 6
0.6 mm/month in the second postoperative year to
demonstrate a minimal growth at the third year (0.078 6
0.69 mm/month) followed by a new monthly regression
of 0.074 6 0.74 mm in the fourth year and 0.025 6
0.71 mm in the ﬁfth year.
Patients with 2-year follow-up. Patients with 2-year
follow-up had a trend in the remodeling of the aortic neck,
(Tables II and III)iliac arteries, and aortic sac similar to that
of patients who were followed up for 5 years.
Monthly changes in aortic neck diameter for the group
observed for 2 years were as follows: postoperative to
30 days, 0.71 6 0.09 mm; 30 days to 6 months, 0.06 6
0.01 mm; 6 to 12 months, 0.05 6 0.02 mm; and 12 to
24 months, 0.03 6 0.01 mm. Signiﬁcant (P < .001)
changes for aortic neck diameter from the preceding value
were observed in the postoperative to preoperative, 30 days
to postoperative, and 2 to 3 years time intervals. The aortic
sac diameter monthly changes were as follows: postopera-
tive to 30 days, 0.08 6 0.22 mm; 30 days to 6 months,
0.89 6 0.05 mm; 6 to 12 months, 0.44 6 0.04 mm;
and 12 to 24 months, 0.19 6 0.02 mm. Signiﬁcant (P <
.001) changes from the preceding value for aortic sac diam-
eter were observed in the 30-day to 6-month, 6- to 12-
month, and 12- to 24-month intervals.
Signiﬁcant changes (P < .001) from the preceding
measurement were observed for both the right and left iliac
arteries in the postoperative to 30 days, 30 days to
6 months, and 6 months to 1 year intervals.
The mean oversizing of the stent graft diameter in rela-
tion to the native preoperative aortic neck was 19% 6 8%.
Oversizing of the stent graft correlated with change
in maximal diameter of the right iliac artery at 1 year
(P ¼ .046) and was approaching signiﬁcant correlation
(P ¼ .058) with change in diameter of the left iliac artery
diameter at 6 months.
Growth of the aortic neck positively correlated in the
Pearson correlation coefﬁcients with aortic sac change at
30 days, 12 months, 24 months (only in patients with
2-year follow-up), and 3 and 4 years. Growth of the aortic
Table I. Analysis of aneurysm remodeling for patients with 5-year follow-up (least square means with 95% conﬁdence
interval [CI])
Preoperative Postoperative 30 days
Neck diameter, mm (95% CI) 23.6 (23.0-24.2) 27.8 (27.3-28.4) 28.3 (27.7-28.9)
Change from previous measurement 4.3a 0.5
Aneurysm sac diameter, mm (95% CI) 54.2 (52.8-55.6) 57.2 (55.9-58.6) 57.3 (55.9-58.7)
Change from previous measurement 3.0a 0.1
Iliacdright, mm (95% CI) 14.4 (13.9-15.0) 16.3 (15.8-16.8) 17.0 (16.5-17.5)
Change from previous measurement 1.9a 0.7
Iliacdleft, mm (95% CI) 14.5 (14.0-14.9) 15.9 (15.4-16.3) 16.7 (16.2-17.1)
Change from previous measurement 1.4a 0.84a
aP < .0001.
Table II. Analysis of aneurysm remodeling over time for patients with 24 months of follow-up (least square means with
95% conﬁdence interval [CI])
Preoperative Postoperative 30 days 6 months 12 months 24 months
Neck diameter,
mm (95% CI)
23.8 (23.6-24.1) 26.6 (26.4-26.9) 27.3 (27.1-27.6) 27.6 (27.4-27.9) 27.9 (27.6-28.2) 28.2 (28.0-28.5)
Change from previous
measurement
2.8a 0.7a 0.3 0.3 0.3
Aneurysm sac diameter,
mm (95% CI)
55.4 (54.8-56.0) 57.7 (57.1-58.4) 57.6 (57.0-58.2) 53.2 (52.5-53.8) 50.5 (49.9-51.2) 48.2 (47.5-48.9)
Change from previous
measurement
2.3a 0.1 4.4a 2.6a 2.3a
Iliacdright, mm
(95% CI)
14.4 (14.2-14.6) 15.9 (15.7-16.2) 16.9 (16.7-17.1) 17.8 (17.6-18.0) 17.9 (17.7-18.1) 18.2 (17.9-18.4)
Change from previous
measurement
1.5a 1.0a 0.9a 0.1 0.2
Iliacdleft, mm
(95% CI)
14.2 (14.0-14.4) 15.5 (15.3-15.7) 16.4 (16.2-16.6) 17.5 (17.3-17.7) 17.8 (17.6-18.0) 18.1 (17.8-18.3)
Change from previous
measurement
1.3a 0.9a 1.1a 0.3 0.3
aP < .0001.
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(right and left iliac), at 6 months (right iliac), at 12 and
24 months (right and left iliac), and in years 3, 4, and 5
(right and left iliac).
Aneurysm sac change correlated with iliac artery expan-
sion at 6 months (left iliac), 24 months (right and left iliac),
and 3 years (right iliac). Right iliac artery expansion corre-
lated with expansion of the left iliac artery at all time points.
No correlation was identiﬁed between preoperative aneurysm
size and degree of neck expansion or between preoperative
proximal neck size and degree of neck expansion as sug-
gested by other authors.3
Multivariate analysis for reintervention controlling for
all anatomic aortic aneurysm characteristics identiﬁed only
the angle between the immediate suprarenal neck and im-
mediate infrarenal neck as an independent risk factor for
reintervention, but only with an odds ratio of 1.031 (95%
conﬁdence interval, 1.001-1.062). The mean value of the
angle was 10.1 6 12 degrees.
Remodeling in patients with reintervention.
Whereas patients without reintervention during follow-up
(n ¼ 598) had a continuous regression of their aneurysm
size over time, patients with reintervention (n ¼ 158)had an increase in their aneurysm size in the third postop-
erative year, which coincided with the ﬁndings of the clin-
ical outcomes of the database as reported by Greenberg
et al, who observed that aneurysm expansion occurred be-
tween 24 and 36 months in 9 of 31 patients with sac
enlargement during follow-up (Fig 5).9 The changes of
aortic neck diameter over time were similar between pa-
tients with and without reintervention.DISCUSSION
The long-term outcome of EVAR is strongly related to
anatomic aneurysm characteristics and proper selection of
patients for endovascular procedures inside the instructions
for use (IFU).10 Mounting evidence suggests that proper
oversizing and adequate proximal and distal seal zones
are essential in avoiding events of stent graft migration
and type I endoleaks.3,11
However, the remodeling of aortic aneurysms at all levels
after EVAR has been poorly investigated. Aortic neck dila-
tion is a common phenomenon after both EVAR and
open surgery and represents the element of aneurysm remod-
eling that has been most commonly investigated.6,12-15 This
6 months 12 months 24 months 3 years 4 years 5 years
28.8 (28.2-29.4) 28.9 (28.3-29.5) 29.2 (28.6-29.7) 30.3 (29.7-30.9) 30.7 (30.1-31.3) 31.0 (30.4-31.7)
0.5 0.1 0.3 1.1a 0.4 0.3
52.4 (51.1-53.8) 49.6 (48.2-51.0) 47.0 (45.6-48.4) 48.0 (46.5-49.5) 47.1 (45.6-48.5) 46.8 (45.3-48.3)
4.9a 2.8a 2.6a 1.0 0.9 0.2
17.8 (17.3-18.3) 17.9 (17.4-18.4) 18.0 (17.5-18.5) 18.3 (17.7-18.8) 18.4 (17.9-18.9) 18.7 (18.1-19.2)
0.8 0.1 0.1 0.3 0.1 0.3
17.6 (17.2-18.11) 17.8 (17.3-18.2) 18.0 (17.5-18.4) 18.5 (18.0-19.0) 18.6 (18.1-19.1) 18.9 (18.4-19.4)
0.94a 0.14 0.2 0.6 0.1 0.4
Table I. Continued.
Fig 1. Plot of aortic neck diameter (continuous line) and aortic sac
diameter (dotted line) for patients with 24 months of follow-up
(least square means with 95% conﬁdence interval).
Fig 2. Plot of aortic neck diameter (continuous line) and aortic sac
diameter (dotted line) for patients with 5 years of follow-up (least
square means with 95% conﬁdence interval).
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also been associated with distal graft migration.3,5,8,16-18
This study reports the natural history of aortic aneu-
rysm remodeling after EVAR over time using a solid and
impartial database. Dilation of the aortic neck was contin-
uous for all patients, with a more rapid pace at the ﬁrst
postoperative month and at the third postoperative year
(24-36 months). The rapid change within the ﬁrst postop-
erative month is not considered a remodeling effect but
rather the result of stent graft oversizing and subsequent
neck expansion.
Interestingly, our ﬁnding of more rapid expansion at
24 to 36 months coincides with reports in the literature
of increased migrations at the exact same postoperative
time interval.3,12,16,18 Schanzer et al observed that 30% of
the patients with sac enlargement manifested it 3 years after
the index procedure.10 Although this study has been criti-
cized as including only selected, challenging cases and not
representing a typical cohort of EVAR patients, we showed
that the increase in aortic sac diameter in patients treated
within IFU criteria also occurs at 24 to 36 months. With
all patients selected for this study complying with IFU
criteria, there were few events of distal stent graft migration,
and a correlation to late expansion could not be shown.In the results presented herein, oversizing of the stent
graft did not positively correlate with aortic neck expan-
sion. Other authors, however, have found a correlation be-
tween oversizing and neck expansion on late follow-up.5,19
The presence of suprarenal ﬁxation has also not been
associated with more rapid aortic neck dilation compared
with devices using passive or infrarenal ﬁxation.3,15,20
Interestingly, Malas et al showed absence of proximal
neck dilation and graft migration after endovascular aneu-
rysm repair when using balloon-expandable stent-based
endografts.21
In our study, regression of the aneurysmal aortic sac
occurred mostly in the ﬁrst 6 postoperative months to
slow down later on follow-up. The sac continued regress-
ing, however, especially during the ﬁrst 24 postoperative
months.
Hogg et al reported sac regression in 134 of 301 pa-
tients (44.5%) at last follow-up, with a mean follow-up of
2.6 years (range, 1-5 years).22 The mean total decrease in
sac diameter was 14.1 6 6.7 mm among patients with
sac regression.
Yeung et al demonstrated in a retrospective analysis
of 100 patients that mild thrombus burden (odds ratio,
1.47) and greater AAA diameter (odds ratio, 1.3) were
Fig 3. Plot of left (continuous line) and right iliac artery diameter
(dotted line) for patients with 24 months of follow-up (least square
means with 95% conﬁdence interval).
Fig 4. Plot of left (continuous line) and right iliac artery diameter
(dotted line) for patients with 5 years of follow-up (least square
means with 95% conﬁdence interval).
Table III. Monthly change rate of aneurysm anatomic characteristics for 756 patients with 2-year follow-up
Postoperativee30 days 30 days-6 months 6-12 months 12-24 months
Neck diameter, mm (6SE) 0.71 6 0.09 0.06 6 0.01 0.05 6 0.02 0.03 6 0.01
Aneurysm sac diameter, mm (6SE) 0.08 6 0.022 0.89 6 0.05 0.44 6 0.04 0.19 6 0.02
Iliacdright, mm (6SE) 0.95 6 0.08 0.18 6 0.02 0.02 6 0.01 0.02 6 0.01
Iliacdleft, mm (6SE) 0.91 6 0.08 0.21 6 0.02 0.05 6 0.01 0.02 6 0.01
SE, Standard error.
Table IV. Monthly change rate of aneurysm anatomic characteristics for 156 patients with 5-year follow-up
Postoperativee
30 days
30 days-
6 months 6-12 months 12-24 months 2-3 years 3-4 years 4-5 years
Neck diameter,
mm (6SE)
0.47 6 0.021 0.09 6 0.021 0.02 6 0.02 0.02 6 0.02 0.10 6 0.02 0.03 6 0.03 0.025 6 0.02
Aneurysm sac
diameter,
mm (6SE)
0.065 6 0.06 0.98 6 0.59 0.47 6 0.06 0.216 6 0.06 0.078 6 0.07 0.074 6 0.07 0.025 6 0.007
Iliacdright,
mm (6SE)
0.67 6 0.021 0.16 6 0.021 0.006 6 0.021 0.011 6 0.021 0.025 6 0.024 0.012 6 0.002 0.02 6 0.02
Iliacdleft,
mm (6SE)
0.831 6 0.18 0.187 6 0.018 0.023 6 0.018 0.016 6 0.018 0.045 6 0.021 0.005 6 0.002 0.03 6 0.02
SE, Standard error.
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12 months, whereas patients with severe preoperative
thrombus burden were less likely to demonstrate sac
regression even in the absence of an endoleak.23 In 2004,
after analysis of core laboratory data of 723 patients ob-
tained from three U.S. phase II clinical trials, Greenberg
et al concluded that with the stent grafts available at that
time, type of prosthesis, presence or absence of endoleak,
and baseline size were determinants of rate of aneurysm
shrinkage.24 Sac regression is strongly associated with
endograft type, so that the ﬁndings of our study should
not be considered the pattern of sac change for all types
of endografts.24,25The iliac arteries in our study had the highest rate of
expansion during the ﬁrst 6 postoperative months to stabilize
at a yearly expansion rate of 0.1 to 0.4 mm/y after that. This
ﬁnding is consistent with that of Kaladji et al, who showed a
trend toward dilation of the aortic neck and iliac arteries,
with no correlation between the two levels, even in patients
with a regression of the aneurysm sac during follow-up.6
The observational data presented here could poten-
tially ease the decision of physicians to change their proto-
col of follow-up from computed tomography to duplex
sonography at the appropriate time, when major remodel-
ing of the aneurysm has occurred. This would be according
to our data after the third postoperative year, although this
Fig 5. Plots of aortic neck diameter (continuous line) and aortic
sac diameter (dotted line) for patients without reintervention and
5 years of follow-up (a) and for patients with reintervention and
5 years of follow-up (b) (least square means with 95% conﬁdence
interval).
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beyond the scope of this paper.
Limitations. Measurements of the anatomic charac-
teristics of the aneurysms were performed only at a single
level of each anatomic site (neck at the level of the lower
renal artery and iliac arteries at the level of the landing
zone). To determine the major diameter of the aorta and
iliac arteries, no centerline of ﬂow reconstruction was
used, so that deviations from the actual size could occur
in highly torturous vessels and between time points. This
limitation is not expected to severely inﬂuence the results,
however, because patients with hostile anatomy (extremely
kinked aortic necks or iliac arteries) were excluded form the
study according to study protocol.
CONCLUSIONS
Remodeling at all three levels of an aortic aneurysm
(aortic neck, aneurysm sac, and iliac arteries) is ongoing,although with a clearly decreasing rate after the ﬁrst 2 to
3 years. Special attention should be given to identify pat-
terns of remodeling possibly leading to late stent graft fail-
ure, at the time periods of intense changesdthe third
postoperative year for the neck diameter and the ﬁrst 24
postoperative months for the aortic sac. Changes at years
4 and 5 appear to be less relevant.
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